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The present contribution is a part of the work towards a framework for holistic modeling of composites
manufacturing. Here we focus our attention onto the particular problem of coupled dual-scale deforma-
tion–ﬂow process such as the one arising in RTM, Vacuum Assisted Resin Infusion (VARI) and Vacuum
Bag Only (VBO) prepregs. The formulation considers coupling effects between macro-scale preform pro-
cesses and meso-scale ply processes as well as coupling effects between the solid and ﬂuid phases. The
framework comprises a nonlinear compressible ﬁber network saturated with incompressible ﬂuid phase.
Internal variables are introduced in terms of solid compressibility to describe the irreversible mesoscopic
inﬁltration and reversible preform compaction processes. As a main result a coupled displacement–
pressure, geometrically nonlinear, ﬁnite element simulation tool is developed. The paper is concluded
with a numerical example, where a relaxation–compression test of a planar ﬂuid ﬁlled VBO preform at
globally un-drained and partly drained conditions is considered.
 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Traditional processing of high quality composite materials re-
quires autoclave consolidation and curing at elevated pressure
and temperature. Composite parts cured inside an autoclave have
excellent quality; however, this quality comes with a high price
tag. Recent developments in prepreg technology have led to the
development of an Out-Of-Autoclave (OOA) prepreg that can be
cured with only vacuum pressure and lower temperatures [1]. Vac-
uum Bag Only (VBO) prepregs are a member of the family of OOA
techniques for composite manufacturing in which composite lam-
inates are produced from prepregs by vacuum-bag consolidation
followed by curing in an oven [2]. The advantages of VBO over
autoclave processing are lower capital investment, elimination of
the need for costly nitrogen gas, greater energy efﬁciency and
reduction of size constraints (larger parts) [3].
As the resin ﬂow through ﬁber bed is often the single most
important processing step in composites manufacturing, it has
been investigated by many researchers [4]. Many efforts in model-
ing ﬂow and inﬁltration have been carried out by assuming that
the different scales are treated in an uncoupled fashion and the ﬁ-
ber bed often assumed stationary, cf. e.g. [5–9]. Moreover, it is wellox 104, SE-431 22 Mölndal,
socki).
Y-NC-ND license.established [10] that a true processing operation will result in
dual-scale ﬂow, resulting in a number of successful attempts to
predict the study of the dual scale ﬂow [11–19]. Unfortunately,
only a few of these have focused on the ﬁber bed saturation cou-
pled to the motion of the ﬁber bed and resin ﬂow [10,20–24]. In
this context, we note that both VARI as well as consolidation of
VBO prepregs is due to external pressure at elevated temperature
resulting in coupled resin ﬂow and ﬁber bed deformations. In addi-
tion, during this process two coupled ﬂows may be present: inter-
and intra-ply (bundle) ﬂows [25,26]. The inter-ply ﬂow is the ﬂow
through the wide channels between the plies, whereas the ﬂow be-
tween the ﬁbers inside the plies is the intra-ply ﬂow. Presently
there are only few publications that can handle resin ﬂow and ﬁber
bed deformations and also limited number of publications onto the
modeling of two-scale processes. Unfortunately, to the authors’
knowledge, there are no published models capable of simultaneous
modeling of the coupled deformations–ﬂow at two different scales
in the ﬁnite strain regime.
Larsson et al. [27] proposed a method to predict the consolida-
tion involving coupled micro- and macro-resin ﬂow based on a
two-phase porous media theory formulation. The considered pro-
cesses involve deformation of a ﬁber bed network at completely
un-drained conditions, wetting by penetration of resin into ﬁber
plies, and resin ﬂow (afﬁne with the preform velocity) through
the ﬁber bed network. In the present work we extend the develop-
ments in [24,27] to allow for more general (anisotropic) resin ﬂow
at drained conditions. Similarly to [27] the emphasis is placed on
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and volumetric change of the ﬁber network, and the modeling of
macroscopic resin ﬂow in the deforming preform.
The paper is outlined as follows: (1) the involved micro-
constituents are identiﬁed and expressed using the relevant vari-
ables at the micro-level; (2) the governing equations of a biphasic
compressible theory of porous media are reiterated; (3) the asso-
ciated entropy inequality is considered in terms of three indepen-
dent dissipative mechanisms: (i) deformation of the solid phase,
(ii) intrinsic compressibility in the solid phase and (iii) Darcian
interaction between the phases; (4) the dissipations in the solid
phase are derived at a micro-mechanical level, and a model for
the irreversible wetting process is established in terms of a loga-
rithmic intrinsic compaction strain in the solid phase. In this
development, an exponential packing law, cf. [28], is proposed
to link the ﬂuid pressure to the intrinsic compression of the solid
phase. Moreover, to describe the wetting process, a linear visco-
elastic evolution law is proposed for the evolution of wetting,
whereby positive dissipation can be ensured; (5) the boundary
value problem is formulated with respect to nonlinear kinematics
and drained conditions; (6) the paper is concluded by a numerical
example of the volumetric deformation–pressure response of a
ﬂuid saturated ﬁber composite specimen. To simplify the analysis
in the example the preform is considered isotropic in terms of a
linear shear stiffness and power law type of response for the vol-
umetric deformations.
2. Micro-constituents and solid phase compaction
To begin with, let us establish the link between micro- and
macro constituents in terms of a representative mixture (having
volume V) consisting of three different micro-scale constituents,
as depicted in Fig. 1. The micro-constituents of the mixture are
the following:
 Incompressible solid particles, p with the volume fraction
/p = Vp/V, representing the ﬁbers.
 Incompressible liquid constituent, l with the volume fraction
/l = Vl/V, representing the resin.
 Voids, v with volume fraction /v = Vv/V, embedded in the ﬁber
plies.
In order to ensure that each representative control volume of
the solid is occupied with the ﬂuid and solid/void mixture where
we have the saturation constraint
/p þ /l þ /v ¼ 1: ð1Þ
We also relate to the two-phase porous media theory, where
the micro-constituents are considered homogenized. In particular,
the macroscopic volume fractions for the solid and the ﬂuid phases,
ns and nf, are deﬁned asFig. 1. Homogenized theons ¼ V
s
V
¼ V
p þ Vv
V
; nf ¼ V
f
V
¼ V
l
V
: ð2Þ
In view of Eq. (1), we also have the saturation constraint
ns þ nf ¼ 1 with ns ¼ /p þ /v & nf ¼ /l: ð3Þ
As to the modeling of ﬂuid inﬁltration of ﬁber plies, the partially
saturated ﬁbers (named particles) are subdivided into a wet por-
tion (already penetrated by resin ﬂuid) and a dry portion /pd, as
shown in Fig. 2. Hence, the ﬁber content / in the dry region of
the ﬁber bed is obtained as
/ ¼ /
pd
/pd þ /v ; ð4Þ
where the particle portion is deﬁned by wet particles and dry par-
ticles, in terms of a saturation ratio n deﬁning the degree of wet out
within a representative ﬁber ply, deﬁned by
n ¼ /
p  /pd
/p
; ð5Þ
whereby the ﬁber content / in the dry region can be resolved as
/ ¼ /
p  n/p
ns þ n/p : ð6Þ
Observing that in the typical vacuum assisted process the inﬂu-
ence of pore gas contribution in the mass balance can be neglected,
leads to the relation nsqs = /pqp whereby Eq. (6) becomes
/ ¼ ð1 nÞ q
p
qs
 n
 1
: ð7Þ
where q’s are the densities. It may be noted that we have the initial
condition at n? 0 leading to /0 ¼ qs0=qp. We thereby also have
qs ! qs0=/0, which in combination with Eq. (7) gives the compac-
tion of the solid phase as a function of irreversible wetting factor
n and the reversible packing volume fraction / in terms of
qs0
qs
¼ /0
/
1 nð1 /Þ
1 nð1 /0Þ
ð1 nð1 /ÞÞ: ð8Þ
Taking the logarithm of Eq. (8) yields the additive decomposi-
tion of the total compaction strain e as
e ¼ log q
s
0
qs
 
¼ log /0
/
1 nð1 /Þ
1 nð1 /0Þ
 
þ log½1 nð1 /0Þ
¼ ee þ ep; ð9Þ
where the reversible compaction strain ee (related to the packing /
and the saturation degree n) and the irreversible wetting compac-
tion ep (related only to the saturation degree n) are deﬁned.
3. A homogenized theory of porous media
Assuming that the void motion is afﬁne with the particle mo-
tion, the micro problem of three actual constituents in the mixturery of porous media.
Fig. 2. Hyperelastic packing of ﬁber content / in dry region induced by ﬂuid
pressure of representative ﬁber ply in the ﬁber bed at a ﬁxed value of the micro-
inﬁltration n.
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focus our attention to the formulation of a binary continuum mod-
el, consisting of a compressible solid phase, s, and an incompress-
ible ﬂuid phase, f. Following the developments in [29] we model
the problem using the following governing equations.
3.1. Mass and momentum balance
Due to conservation of the mass of the two considered phases
we have the following relationships
_Ms ¼ 0; _Mf þ J $  ðqfvdÞ ¼ 0; ð10Þ
whereMs andMf are the solid and ﬂuid content respectively, J is the
Jacobean of the deformation gradient, qf is the ﬂuid density and vd is
the Darcian velocity deﬁned from the relative velocity between
phases vr = vs  vf as vd = nfvr, where vs is the solid phase velocity
and vf is the ﬂuid phase velocity. In particular, the stationarity of
Ms leads to nsqsJ ¼ ns0qs0, whereby the solid volume fraction is gov-
erned by the relation
ns ¼ e
e
J
ns0 ð11Þ
where e is the compaction strain of the solid constituent. We also
further elaborate on the total mass balance of our binary mixture
to obtain the combined mass balance relation
$  v s  ns _e ¼ $  vd: ð12Þ
Considering the localized format of the momentum balance in
the spatial format, we obtain the balance relation for quasi-static
behavior of the mixture, corresponding to the total form of the
momentum balance speciﬁed in [29] as
r  $þ q^g ¼ 0 8x 2 B ð13Þ
where r ¼ rs þ rf is the total Cauchy stress, q^ is the bulk density, g
is the gravity and B represents the current conﬁguration domain. In
turn, r is related to the effective (constitutive) stress r and the ﬂuid
pressure p via the Terzaghi effective stress principle,
r ¼ r p1 ð14Þ
In order to arrive at proper FE-formulation, we derive the weak
form of the coupled set of Eqs. (12) and (13) and identify the pri-
mary variables as the placement x ¼ usðXÞ ) v s ¼ _us of solid par-
ticles and ﬂuid pressure p(x). Throughout the FE analyses, a Taylor–
Hood element is adopted corresponding to quadratic interpolation
for the placement and linear interpolation of the ﬂuid pressure. For
details description of the FE formulation cf. Larsson et al. [29].
3.2. Balance of energy and entropy inequality for isothermal behavior
Similar to the combined mass balance relationship, a combined
balance of energy yields the change of internal energy of the mix-
ture material. Likewise, the entropy inequality for the mixturematerial is obtained pertinent to isothermal behavior which com-
bined with the energy equation (see [29] for details) yields
D ¼ r : l nsp _eþ q^s _ws|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Ds
þvd  ðqfg  $  pÞ|ﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
hfe|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Di
P 0; ð15Þ
where ws is the free energy for the solid phase, l is the solid velocity
gradient and p is the intrinsic ﬂuid pressure. The total mechanical
dissipation D is thus interpreted in terms of a few independent phe-
nomenological mechanisms where DsP 0 is the dissipation pro-
duced by the (homogenized) solid phase material considered as
an independent process of the mixture. The contribution DiP 0
represents dissipation induced by ‘‘drag’’-interaction between the
phases, where hfe is the effective drag force.
4. Constitutive relations
4.1. Response of the compressible ﬂuid-ﬁlled ﬁber network
Given by the dissipation inequalities in (15), the proper stress
response of the compressible (partly) ﬂuid-ﬁlled ﬁber network
may now be formulated. To this end, we formulate the dissipation
produced by the solid phase for the entire component as
hDsi ¼
Z
B
Dsdv ¼
Z
B0
JDsdV P 0 ð16Þ
where the last expression was obtained after pull-back to the refer-
ence conﬁguration B0, as dV is the inﬁnitesimal volume element in
B0 while dv is in the current conﬁguration B. It may be noted that
the integrand JDs in Eq. (16) may be rewritten in terms of the Kirch-
hoff stress s ¼ Jr, the second Piola–Kirchhoff stress S, the right Cau-
chy–Green deformation tensor C and the intrinsic ﬂuid pressure p as
JDs ¼ s : l nsp _e Jnsqs _ws ¼ 1
2
S : _C  Jnsp _e q^s0 _ws; ð17Þ
where the last equality was obtained from mass conservation due
to the stationarity of Ms ¼ Ms0 ¼ q^s0. Upon assuming, for simplicity,
hyper-elasticity of the effective stress response we obtain the
dependence wsðC; e; epÞ in the free energy for the solid phase. In view
of Eq. (17), the reduced dissipation obtained as
_wsðC;e;epÞ¼wsmacðCÞþwsmesðe;epÞ¼
@wsmac
@C
: _Cþ@w
s
mes
@e
_eþ@w
s
mes
@ep
_ep; ð18Þ
where we assumed an additive split of the free energy into macro-
scopic and mesoscopic parts. In view of (17), the ﬁnal conclusion in
(18) corresponds to the state equations
S ¼ 2q^s0
@wsmac
@C
; ð19Þ
p ¼ qs @w
s
mes
@e
; ð20Þ
where S ¼ S  JC1p is the effective second Piola–Kirchhoff stress
due to the Terzaghi effective stress principle. In the following we
subdivide the stress response in terms of the effective ﬁber bed re-
sponse and the solid phase compaction associated with micro-inﬁl-
tration induced by ﬂuid pressure.
4.2. Effective ﬁber bed response
The effective response of the ﬁber bed is considered hyper-elas-
tic governed by the stored energy function for Neo-Hooke like elas-
tic material using isochoric–volumetric split written as
wsmacðbC ; JÞ ¼ ws;isomacðbCÞ þ ws;volmac ðJÞ ¼ Gð1 : bC  3Þ þ J ksEb 1 /p0J
 b
; ð21Þ
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The parameters involved in this expression are the packing expo-
nent b, taken as b = 14.5, and the ksE factor as ksE = 150  102 Pa
[30]. We remark that, by having Eq. (21), the elastic small shear
deformation properties of the ﬁber-bed (represented by the elastic
shear modulus G) are generalized into the ﬁnite deformation re-
gime. As to the response due to volumetric deformation, it was as-
sumed that this response can be represented by the same packing
law as was used for the ﬁber plies. In this case the argument of
packing is the ﬁber volume fraction /p ¼ /p0=J where /p0 is the initial
volume fraction of particles. We remark that the assumption of isot-
ropy of the ﬁber bed response means that the ﬁber plies possess no
preferred orientation and may be justiﬁed within certain isotropy
planes of loading of the ﬁber bed, which is the case in the veriﬁca-
tion example of Section 5.
4.3. Solid compaction and micro-inﬁltration
It was concluded that the solid phase compaction consists of an
irreversible wetting process corresponding to the exclusion of
voids in the micro-constituents and reversible component, basi-
cally due to elastic packing also induced by ﬂuid pressure as shown
in Fig. 2. As to elastic ﬁber packing, we note that uniaxial compres-
sion tests of ﬁber beds have been studied quite extensively in the
literature, e.g. Kim et al. [31]. In the present paper, the semi-
empirical elastic ﬁber packing law proposed in Toll [28] is directly
generalized to the compressive response of the non-saturated re-
gion of a ﬁber bed consisting of voids and dry particles as
pþ p0 ¼ kE/a; ð22Þ
where p is the excess ﬂuid pressure, relative to p0, acting on a rep-
resentative ﬁber ply, as shown in Fig. 2. Moreover p0 ¼ kE/a0 is the
conﬁgurational ﬂuid pressure in the initially non-saturated repre-
sentative ﬁber ply. The stored energy function associated with the
elastic packing variable / = /pd//d is obtained for an increase of
/0 to / (with due consideration to that the volume V
pd is stationary
during the elastic packing) as
W ¼
Z /
/0
kE /a  /a0
  d/
/
¼ kE
a
/a  /a0 1þ a log
/
/a0
   
: ð23Þ
The homogenized free energy is obtained from the energy
equivalence nsqsws = (/pd + /v) of the representative volume lead-
ing to
wsmes ¼
p0
a
1
qs
 n 1
qs0
/0
 
ca  a log /
/a0
 
 1
 
¼ 1
qs0
p0
a
ee  /0
1 c/0
ca  1 a log /
/a0
  
; ð24Þ
where the ﬁrst equality is speciﬁed in material arguments ws(/, n),
whereas in the last equality a change in arguments has been made
using the continuum compaction strain e and the elastic wetting
strain ep, which is at hand for the numerical implementation. More-
over, we also introduced the ratio c = ///0 formulated in arguments
c(e, ep)as
c ¼ e
ep  /0
eeð1 /0Þ  /0ð1 eep Þ
: ð25Þ
Straightforward application of Eq. (20) yields the ﬂuid pressures
p (relative to the conﬁgurational pressure p0) as
p ¼ p0ðca  1Þ: ð26Þ
In view of Eq. (22) we obtain in compliance form, the compac-
tion as a function of the wetting and the ﬂuid pressure read asee ¼
p0þp
p0
	 
1=a
ðeep  /0Þ þ ð1 eep Þ/0
1 /0
: ð27Þ
Now, considering the rate form of relation (27) we formally
obtain
ee _e ¼  e
ep  /0
aðpþ p0Þð1 /0Þ
pþ p0
p0
 1=a
_p|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
f ðp;epÞ _p
 eep
pþp0
p0
	 
1=a
 /0
 
1 /0
p
l|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
gðp;epÞp
;
ð28Þ
where it was used that the wetting is a diffusive process repre-
sented by the viscous evolution
_ep ¼  p
l
: ð29Þ
The parameter l represents the viscous resistance for penetra-
tion of liquid into the bulk ﬁbers, which is deﬁned as
l ¼ mð1 /0Þf
2
Kmes
; ð30Þ
where m is the ﬂuid viscosity and f is the wetting length. The mes-
oscopic permeability Kmes for ﬁber plies, which is the permeability
through the ﬁber bed, is calculated based on the Gebart equation
[32] for hexagonal ﬁber packing as
Kmes ¼ 16r
2
9p
ﬃﬃﬃ
2
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
2/0
ﬃﬃﬃ
3
p
s
 1
" #5=2
: ð31Þ
where r is the ﬁber radius. For later use, we introduced ee _e in com-
pact form in Eq. (28) using the functions f(p, ep) and gðp; epÞ as
ee _e ¼ f _pþ gp. It is noted that the function g represents the viscous
resistance against wetting, whereas the function f represents
instantaneous elastic packing increment for a pressure increase.
4.4. Anisotropic Darcian solid–ﬂuid interactions
The last contribution DiP 0 of (15) represents dissipation in-
duced by ‘‘drag’’-interaction between the phases. To accommodate
this dissipation, the effective drag force hfe (or hydraulic gradient
with negative sign) is chosen to ensure positive dissipation via
Darcy’s law
vd ¼ 1
m
Kmac  hfe; hfe ¼ $p; ð32Þ
where Kmac is the anisotropic permeability tensor. In order to derive
the permeability for the considered VBO prepreg, a special model
was developed by Rouhi et al. [33] to account for (i) the macro-
scopic ﬂow between the layers and (ii) the inﬁltration ﬂow into
the dry (mesoscopic) ﬁber plies as
vd ¼ 1
m
ððKmesð1 /lÞ þ KCh/lÞð1MÞ þ KmesMÞ  hfe
¼ 1
m
Kmac  hfe; ð33Þ
where Kmes is the permeability through the ﬁber, KCh is the perme-
ability through the channel, /l is liquid volume fraction and
M = T  T is the structure tensor related to the director ﬁeld T, cf.
Fig. 3. The permeability through the channel may be approximated
considering the resistance to viscous ﬂow within a rectangular
channel, cf. Fig. 4 [33]
KCh ¼
H0kjj  hs0
 2
12
: ð34Þ
Fig. 3. Flow channel with orientation T and ﬁber bed stacks.
Fig. 4. Distance between ﬁber layers and ﬂow channel.
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thickness of the initial prepreg, hs0 is the initial thickness of ﬁber bed
and hf0 is the half of the initial thickness of the channel between the
plies.
5. A representative relaxation test of a ﬂuid-ﬁlled preform
In order to numerically test the framework we consider a com-
pressive relaxation test applied to a ﬂuid ﬁlled ﬁber network,
which is related to press forming of VBO prepregs. Considering
the press forming simulation, we will have the possibility of having
an experimental veriﬁcation of the modeled generic algorithm,
which is an undergoing work. Generally speaking, out-of-autoclave
processes are usually done while vacuum pressure is the main load
over prepregs, but in a press forming process we apply an elevated
load which affects the process time from being a matter of minutes
to seconds.
The model in Eq. (21) is used to represent the effective stress re-
sponse of the ﬁber bed. In addition, the permeability modelFig. 5. Analyzed rectangular specimen with initial geometry and boundary conditions. T
drained condition and (2) the vertical boundaries are impermeable deﬁning the globallydiscussed in Eq. (34) was used to model the macroscopic Darcian
permeability. The involved material parameters represent a system
of ﬁber plies of carbon ﬁber and epoxy resin. To this end, parame-
ters are sourced from [30] where for the permeability KCh, the dis-
tance between ﬁber layers was h = 20  106, and the initial
particle volume fraction was /p0 ¼ 0:48. As to the mechanical ﬁber
bed response, the shear modulus was taken from [30] as
G = 50  106 Pa, the ksE factor in Eq. (21) was ksE = 150  102 Pa,
and the packing exponent of the ﬁber bed is b = 0.45. Moreover,
for the micro-inﬁltration, the liquid viscosity was chosen as
m = 100 Pa s, the initial unsaturated porosity n0 = 0.85 and the ini-
tial local ﬁber content volume fraction /0 = 0.55. The wetting
length was f = 50  106 m, the ﬁber radius is r = 3.5  106 m,
the kE factor as in Eq. (23) is kE = 500  106 Pa, and the exponent
of the microscopic packing exponent is a = 14.5.
The analyzed planar specimen is shown in Fig. 5 along with the
applied loading consisting of a prescribed vertical displacement r
on the top boundary and ﬁxed displacements on the lower bound-
ary of the plate. As to the ﬂuid pressure boundary conditions twowo cases are considered: (1) p = 0 along the vertical boundaries deﬁning the partly
un-drained condition (corresponding to p = unknown along the vertical boundaries).
Fig. 6. Relaxation test at globally un-drained condition with respect to different initial loading rates. (a) Resulting global saturation degrees versus process time and (b)
resulting reaction forces versus time. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
M.S. Rouhi et al. / Composites: Part A 46 (2013) 108–116 113different types are considered. The ﬁrst case corresponds to macro-
scopically un-drained conditions, where all outer boundaries are
considered impermeable. The second case is the partly drained con-
dition, corresponding to drainage along the vertical boundaries of
the specimen, where the ﬂuid pressure is prescribed to zero. TheFig. 7. Relaxation test at partially drained conditions with respect to different initial
resulting reaction forces versus time. (For interpretation of the references to color in thprescribed displacement is thus considered as a controlled dis-
placement r on the top boundary, which is ramped (based on a
chosen time step) for different loading rates _r up to the total com-
pression r/H = 0.2, where H is the height of the specimen. Relaxa-
tion is thereafter considered by setting _r ¼ 0 after the specimenloading rates. (a) Resulting global saturation degrees versus process time and (b)
is ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 9. Comparison between local saturation degree distributions obtained in
relaxation tests for globally un-drained and partially drained conditions at the
initial loading rate _r ¼ 0:5 m=s.
Fig. 8. Comparison between relaxation tests for globally un-drained and partially drained conditions at the initial loading rate _r ¼ 0:5 m=s. (a) Global saturation degree
versus time and (b) reaction forces versus time. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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assess the wet out in the specimen depending on the rate of initial
loading _r and relaxation time. For this purpose we consider ﬁve dif-
ferent rates chosen as, _r ¼ 0:1 m=s; _r ¼ 0:3 m=s; _r ¼ 0:5 m=s; _r ¼
0:7 m=s; _r ¼ 0:9 m=s.
As shown in Fig. 5, due to the symmetry in the plate and the
boundary conditions, only one quarter of the plate is analyzed.
The results from the initial loading-relaxation test are discussed
in terms of the temporal evolution of the global saturation degree
measure n, deﬁned as the volume average of the saturation degrees
within all elements of the mesh. Relaxation of the specimen is con-
sidered as the temporal variation of the reaction force R due to the
applied loading.
Fig. 6 shows the reaction force and the global saturation degree
versus time for the globally un-drained case. We observe from
Fig. 6 that, as the initial compression rate increases, the saturation
rate and the reaction forces are increased. However, after relaxa-
tion, they approach more or less the same value for all rates. It
may be observed that the highest reaction force, R = 1.091 MN,
equivalent to 21.82 MPa average stress on the specimen, was ob-
tained when we have the highest rate, _r ¼ 0:9 m=s as compared
to R = 1.04 MN, equivalent to 21 MPa average stress, for the lowest
rate _r ¼ 0:1 m=s.
The reaction forces increases by increasing the displacement
rates because higher rates results in higher pressure gradient
and consequently higher Darcian velocity while keeping the iso-
tropic permeability constant. The similar rate effects are also ob-
served on the level of saturation degree. We thus conclude that a
higher level of saturation (and reaction forces) may thus be
achieved upon increasing the initial (prescribed) displacement
rate.
The result from the partly drained case is shown in Fig. 7. For
the considered parameters and loading cases, the resulting
behavior is very much the same and very close to the result from
the un-drained case shown in Fig. 6 when considering the overallsaturation degree level, the reaction force and the process time.
The difference between the globally un-drained and partly drained
cases, in terms of saturation degree and reaction forces, is shown in
Fig. 8. One can observe from Fig. 8 that in the drained case we ob-
tain a slightly lower saturation degree level, n = 0.4992 versus
n = 0.5057 for the un-drained case. We also observe a lower reac-
tion forces for the partly drained case, R = 1.089 MN (r =
21.78 MPa) versus R = 1.091 MN (r = 21.82 MPa) for the un-
drained case. The difference between the two cases is not notice-
able since we are comparing the average global saturation degree
and reaction forces. Moreover, a comparison between the two
cases is also displayed for the local saturation degree in Fig. 9
where it is noted that the effect of the different pressure descrip-
tions along the side boundary signiﬁcantly affects the level and dis-
tribution of the local saturation degree. The drained case generally
reduces the magnitudes of the ﬂuid pressure on the boundary as
Fig. 10. Global saturation and reaction forces for different value of macroscopic permeability, Kmac at _r ¼ 0:5 m=s. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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micro-inﬁltration for the drained case.
From Figs. 6 and 7, one can observe that the time needed to
reach the desired compaction before unloading is much smaller
than the total time required to reach the relaxation stage; the ini-
tial loading step time is around 0.01 s while the total simulation
time to reach to a stable level is around 0.1 s. The numerical setup
is also sensitive to the time stepping. The displacement rate and
the time steps are related so that a higher rate of deformation re-
quires a smaller time step for a stable solution of the nonlinear set
of equations. If we decrease the rate, we can increase the time step
intervals. For a stable solution at the chosen displacement rates the
process is simulated for 30,000 time steps with time interval being
0.00001; the total process (real) time is 0.3 s.
It is also of interest to consider the effect of Darcy ﬂow andmac-
roscopic permeability, Kmac on the level of saturation and reaction
forces in drained case. This is since in the case of Darcian velocity,
vd is the key to drainage as the ﬂow on the boundaries is driven by
Darcian velocity.
To do so, three different values of Kmac were considered. As
shown in Fig. 10 increasing the permeability results is decrease
of the level of saturation. Even the reaction forces decreases, espe-
cially in the extreme case.6. Concluding remarks
In the present paper we proposed a framework for the modeling
of a family of Out-Of-Autoclave (OOA) manufacturing processes of
ﬁber reinforced composites such as Vacuum Bag Only (VBO) and
Engineering Vacuum Channel (EVaC). However, our generic frame-
work is towards holistic modeling of (in principle) all possible
composites manufacturing processes. Therefore, the present con-
tinuum model is a specialization of a more general two-phase con-
tinuum formulation for composites processing problems, including
inﬁltration, consolidation and forming. A special porous media
formulation has been developed aimed for a dual-scale coupled
ﬂow–deformation process. In this framework, constitutive rela-
tions concerning four different mechanisms governing the process
of press forming have been described involving (i) constitutive
effective stress response of the ﬁber bed, (ii) inﬁltration of resin
into ﬁber plies, (iii) elastic packing response of the plies, and (iv)
Darcy’s law governing the macroscopic interaction between the
two phases. As such it is thermodynamically consistent and
satisﬁes the balances of energy, mass and momentum. Due to the
micro-mechanical basis, all parameters involved in the model have
a clear physical meaning and are measurable, in principle.
The computational FE-treatment of the proposed model in con-
junction with nonlinear kinematics is numerically implemented. Inthe numerical example, we have considered a planar ﬂuid satu-
rated ﬁber bed network subjected to relaxation tests representing
press forming operation. The tests were simulated and the princi-
pal behavior for the different cases of globally un-drained and
partly drained conditions was established. The dependence on
the rate of ramp-up loading in the relaxation test of the planar ﬂuid
ﬁlled network was determined. A comparison between the local
saturation degree distributions during the relaxation test for these
cases was also made. The effect of macroscopic permeability for
the partly drained condition was investigated with respect to the
relaxation test.
The difference between the real out-of-autoclave or VBO pre-
preg with the simulated press forming process here is that loads
higher than vacuum pressure are applied during the process which
makes the manufacturing time faster. By doing so, an experimental
veriﬁcation for the simulation, which is missing in this paper, be-
come possible by a series of press forming experiments which is
an undergoing research work.References
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